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MFTHfinS AND SYSTEMS FOR DF TFRM TNING THE ORIENTATION 
OF NATURAL FRACTURES 

CROSS-REFFRRNCE TO RELATED APPLICATIONS 

This Application claims the benefit of the filing date and priority to the following patent 
application, which is incorporated herein by reference to the extent permitted by law: 

U.S. Provisional Application serial number , entitled "MICROSEISMIC 

SOURCE PARAMETERS", filed September 18, 2003. 

B ACKGROI JND OF THE INVENTION 

The present invention generally relates to the field of oil and gas production and, more 
particularly, to methods and systems for determining the orientation of natural fractures excited 
or reopened during hydraulic fracturing treatments. 

Seismic data is used in many scientific fields to monitor underground events in 
subterranean rock formations. In order to investigate these underground events, micro- 
earthquakes, also known as microseisms, are detected and monitored. Like earthquakes, 
microseisms emit elastic waves - compressive ("P-waves") and shear ("S-waves"), but their 
spectral content peaks at much higher frequencies than those of earthquakes and generally fall 
within the acoustic frequency range of 100 Hz to more than 2000 Hz. 

Standard microseismic analysis techniques locate the sources of the microseismic activity 
during hydraulic fracturing. In many gas fields, permeability is too low to effectively produce 
gas in economic quantities. Hydraulic fracturing addresses this problem by intentionally creating 
fractures in the gas fields that provide conduits to enhance gas flow. Fluid is pumped into wells 
at sufficient pressure to fracture the rock. The fluid also transports a propping agent (also known 
as "proppant") into the fracture. The proppant, usually sand or ceramic pellets, settles in the 
fractures and helps keep the fracture open when the fracturing operation ceases. Production of 
gas is accelerated as a result of improved capability for flow within the reservoir. 

Microseismic detection is often utilized in conjunction with hydraulic fracturing 
techniques to map created fractures. A hydraulic fracture induces an increase in the formation 
stress proportional to the net fracturing pressure as well as an increase in pore pressure due to 
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fracturing fluid leak off. Large tensile stresses are formed ahead of the crack tip, which creates 
large amounts of shear stress. Both mechanisms, pore pressure increase and formation stress 
increase, affect the stability of planes of weakness (such as natural fractures and bedding planes) 
surrounding the hydraulic fracture and, therefore, cause them to undergo shear slippage. It is 
these shear slippages that generate weak seismicity. 

The sources of the microseisms are detected with multiple receivers (transducers) 
deployed on a wire line array in one or more offset well bores, which are displaced from the 
treatment well in which the fluid is pumped. These offset well bores are also known as monitor 
wells. With the receivers deployed in several wells, the microseism locations can be triangulated 
as is done in earthquake detection. T riangulation i s accomplished by determining the arrival 
times of the various p- and s-waves, and using formation velocities to find the best-fit location of 
the microseisms. However, multiple offset wells are not usually available. With only a single 
nearby offset monitor well, a multi-level vertical array of receivers is used to locate the 
microseisms. Data is then transferred to the surface for subsequent processing to yield a map of 
the natural fracture geometry and azimuth. 

The local recovery rate from a treated well is influenced by, among other things, the 
orientation of the natural fractures within or in close proximity to the zone of elevated pore 
pressures created during the stimulation by hydraulic fracturing. Thus, reliable information 
concerning the orientation of these natural fractures can be important in assessing the results of 
the treatment, as well as in assessing the well's future performance. 

ST IMMARY OF THE INVENTION 

The methods of the present invention includes a method in a data processing system 
having a program for determining the orientation of a natural fracture in the Earth. The method 
comprises the steps of extracting, in the time-domain, data attribute information from a far-field 
point-source signal profile for a microseismic event, and calculating, in the time-domain, an 
estimate of the orientation of the natural fracture based on the extracted data attribute 
information. 

In another aspect, the present invention includes a computer-readable medium containing 
instructions that cause a data processing system having a program to perform a method. The 
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method comprises the steps of extracting, in the time-domain, a data attribute information from a 
far-field point-source signal profile for a microseismic event, and calculating, in the time- 
domain, an estimate of the orientation of the natural fracture based on the extracted data attribute 
information. 

In yet another aspect, the present invention includes a data processing system comprising 
a memory comprising a program that extracts, in the time-domain, a data attribute information 
from a far-field point-source signal profile for a microseismic event, and calculates, in the time- 
domain, an estimate of the orientation of the natural fracture based on the extracted data attribute 
information; and a processing unit that runs the program. 

In still another aspect of the present invention, a data processing system is provided. The 
data processing system comprises means for extracting, in the time-domain, a data attribute 
information from a far-field point-source signal profile for a microseismic event, and means for 
calculating, in the time-domain, an estimate of the orientation of the natural fracture based on the 
extracted data attribute information. 

Other features of the invention will become apparent to one with skill in the art upon 
examination of the following figures and detailed description. It is intended that all such 
additional systems, methods, features, and advantages be included within this description, be 
within the scope of the invention, and be protected by the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated in and constitute a part of this 
specification, illustrate an i mplementation of the invention and, together with the description, 
serve to explain the advantages and principles of the invention. In the drawings, 

Figure 1 shows a system for determining the orientation of natural fractures in 
accordance with methods and systems consistent with the present invention; 

Figure 2 shows a block diagram of the data acquisition system; 

Figure 3 shows a flow diagram illustrating the exemplary steps performed by the attribute 
extraction block; 

Figure 4 shows an illustrative data window length display screen; 
Figures 5A-5C show illustrative S timing screen displays; 
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Figures 6A-6B show illustrative P timing screen displays; 
Figure 7 shows an illustrative data edit screen display; 
Figure 8 shows another illustrative data edit screen display; 

Figure 9 shows a flow diagram illustrating the exemplary steps performed by the inverter 
block; and 

Figure 10 shows a block diagram illustrating an "order ambiguity" problem. 

DETAILED DESCRIPTION OF THE PRESENTLY PREFERRED EM BODIMENTS 

Reference will now be made in detail to an implementation consistent with the present 
invention as illustrated in the accompanying drawings. Wherever possible, the same reference 
numbers will be used throughout the drawings and the following description to refer to the same 
or like parts. 

Methods, systems, and articles of manufacture consistent with the present invention 
determine the orientation of seismically perceptible natural fractures activated by a hydraulic 
fracturing treatment. Data attributes of recorded seismograms are extracted, and then these data 
attributes are inverted to yield reliable estimates of the components of unit vectors specifying the 
orientations of the seismically perceptible set of natural fracture planes. The data attribute 
extraction and the subsequent inversion are performed in the time-domain. 

Figure 1 depicts a schematic diagram of a system, generally designated by 100, for 
determining the orientation of natural fractures consistent with the present invention. As 
illustrated, the system generally comprises a treatment well 102 near which microseismic events 
are generated by a hydraulic fracture source 104, and an observation well 106 having a sensor 
array 108 therein for detecting the microseismic events. A data analysis system 110 records a 
seismogram profile of the events detected by sensor array 108 and determines the orientation of 
the seismically active natural fractures based on the seismogram profile. 

Hydraulic fracture source 104 containing a pressurized fluid 114, such as water, is 
connected to treatment well 102. As shown, treatment well 102 extends below the Earth's 
surface, which is denoted by reference numeral 118. Beneath the Earth's surface 118, treatment 
well 102 extends into a fluid reservoir, the surface of which is denoted by reference numeral 120. 
In a manner that is known, the fluid within the reservoir is pressurized by hydraulic fracture 
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source 104 to expand and apply pressure to the surrounding earthen walls. This pressure causes 
movement along natural fractures 122 resulting in seismic activity. 

More specifically, as the movement occurs along the natural fractures 122, seismic waves 
124 radiate outwardly from the fractures. Methods and systems consistent with the present 
invention detect these seismic waves 124 using sensor array 108 in observation well 106. 
Observation well 106 is laterally spaced from treatment well 102 and extends downward from 
the Earth's surface 118. It will be appreciated that more than one offset well bore may be used as 
the observation well, however, at least one offset well bore is required. Sensor array 108, which 
is vertically disposed within observation well 106, comprises one or more receiver units 126 that 
are spaced apart on a wire line array 128. The distance between individual receiver units 126 in 
a multi-unit a rray i s s elected t o b e s ufficient t o a How a m easurable d ifference i n t he t ime o f 
arrival of the seismic waves 124 that originate at natural fractures 122. Receiver units 126 
contain tri-axial seismic receivers (transducers) such as geophones or accelerometers, e.g., three 
orthogonal geophones or accelerometers. 

Figure 2 depicts a data analysis system 110 suitable for use with methods and systems 
consistent with the present invention. In Figure 2, data analysis system 110 comprises an 
amplifier 202, an analog-to-digital converter 204, and a data processing system 210. During the 
microseismic event resulting from the relative movement of the surfaces of natural fracture 122, 
seismic waves 124 impinging upon sensor array 108 are detected by the sensor array 108 and 
amplified by amplifier 202. An amplified signal is output from amplifier 202 and converted to a 
digital signal by analog-to-digital converter 204. Once the signal is in a digital form, it can be 
processed by the data processing system 210. Collected raw data may be archived in a memory 
220 or a secondary storage 218 of data processing system 210. The raw data that is collected 
during m icroseismic e vent r ecording c an b e s tored i n a s tandard file format, s uch a s a S EG2 
format. 

One having skill in the art will appreciate that the data acquisition and data collection 
functionality of data analysis system 110 can be included in a device separate from data 
processing system 210. The separate device would comprise amplifier 202, analog-to-digital 
converter 204, a processing unit, and a memory. The collected raw data would be stored on the 
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separate device during data acquisition and can then be transferred to the data processing system 
210 for processing. 

The data processing system comprises a central processing unit (CPU) 212, a display 
device 214, an input/output (I/O) unit 216, secondary storage device 218, and memory 220. The 
5 services system may further comprise standard input devices such as a keyboard, a mouse or a 
speech processing means (each not illustrated). 

Memory 220 contains a program 230 for determining the orientation of natural fractures. 
In an illustrative example, program 230 is implemented using MATLAB® software and 
comprises an attribute extraction block 232 and an inversion block 234. As will be described in 
10 more detail below, attribute extraction block 232 extracts, from the collected raw data, 
microseismic data attributes that satisfy far-field point-source constraints. Inversion block 234 
performs a constrained non-linear inversion of the data attributes output from attribute extraction 
block 232 to yield estimates of the failure mode, failure plane orientation, and scalar moment for 
a single event. MATLAB is a United States registered trademark of The MathWorks, Inc. of 
15 Natwick, Massachusetts. Although program 230 is implemented using MATLAB® software in 
the illustrative example, methods and systems consistent with the present invention are not 
limited thereto. Program 230 can be implemented in any programming language suitable for use 
with methods and systems consistent with the present invention. 

One having skill in the art will appreciate that each functional block can itself be a stand- 
20 alone program and can reside in memory on a system other than data processing system 210. 
Program 230 and the functional blocks may comprise or may be included in one or more code 
sections containing instructions for performing their respective operations. While program 230 
is described as being implemented as software, the present implementation may be implemented 
as a combination of hardware and software or hardware alone. Also, one having skill in the art 
25 will appreciate that program 230 may comprise or may be included in a data processing device, 
which may be a client or a server, communicating with data processing system 210. 

Although aspects of methods, systems, and articles of manufacture consistent with the 
present invention are depicted as being stored in memory, one having skill in the art will 
appreciate that these aspects may be stored on or read from other computer-readable media, such 
30 as secondary storage devices, like hard disks, floppy disks, and CD-ROM; a carrier wave 
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received from a network such as the Internet; or other forms of ROM or RAM either currently 
known or later developed. Further, although specific components of data processing system 210 
have been described, one having skill in the art will appreciate that a data processing system 
suitable for use with methods, systems, and articles of manufacture consistent with the present 
5 invention may contain additional or different components. 

Data processing system 210 can itself also be implemented as a client-server data 
processing system. In that case, program 230 can be stored on the data processing system as a 
client, while some or all of the steps of the processing of the functional blocks described below 
can be carried out on a remote server, which is accessed by the client over a network. The 
10 remote server can comprise components similar to those described above with respect to the data 
processing system, such as a CPU, an I/O, a memory, a secondary storage, and a display device. 

Figure 3 depicts a flow diagram illustrating the steps performed by attribute extraction 
block 232 of program 230. First, the attribute extraction block receives input data provided by a 
user entering the input data, which is used by attribute extraction block 232 in subsequent 
15 processing (step 302). The input data includes a file number and a file name of the tri-axial 
seismogram data file 240. As described above, tri-axial seismogram data is acquired and stored 
in a standard data format, such as the SEG2 format. Prior to initiating step 302, the user converts 
the data from the SEG2 format to the MATLAB® software .mtx format for use with program 
230, which is implemented using MATLAB® software. If program 230 is implemented in 
20 another programming language, then the raw tri-axial seismogram data can be converted to a 
format suitable for use with that programming language. Converting field of data files from one 
format to another is known in the art and will not be described in further detail. 

The input data also includes project specific data received by attribute extraction block 
232 and stored in an input data folder 252 for use during processing. The project specific data 
25 includes the following input data: 

1. coordinates of the observation points referenced to the kb elevation of the 

observation well; 

2. hi sensor orientations referenced to North; 

3. the microseismic source location file referenced to the observation well origin 
30 point; and 
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4. parameters of a band-pass filter that is used to isolate the far field, point source 
component of the microseismic signal. 

The band-pass filter parameters include: 

1 . corner frequencies of the band-pass filter; 

2. a pass band ripple magnitude in decibels; and 

3 . a minimum attenuation at the band stop edge frequencies in decibels. 

After the input data is received in step 302, attribute extraction block 232 computes 
coefficients for the band-pass filter (step 304). In the illustrative example, attribute extraction 
block 232 uses the received filter parameters to calculate the coefficients of a zero phase 
Butterworth band-pass filter. Alternatively, another type of band-pass filter can be used. 

Then, attribute extraction block 232 determines a length of a data window that is used to 
constrain data attribute calculations to selected time sections at the start of the P and S wave 
trains (step 3 06). The length of the data window is chosen to be an effective width of the 
apparent far field, point source seismic pulse and is determined as described below. 

Suppose that vj(t) i s the j th (j=l :3) C artesian component o f p article v elocity for some 
phase of a given seismic event, when filtered by a linear operator whose impulse response is 
given by h(x). Then, 

Vj{t)=J t \ Uj {T)Kt-T)dT 

where Uj(x) is the corresponding particle displacement component. It is known, however, that 
\ Uj (r)h{t - r)dr = -j- \H(f)V j{f)exp{i2nft)df 



25 where H(f) and Uj(f) are the Fourier Transforms of h(t),and Uj(x), respectively. 

To isolate the far field, point source component of the microseismic signal, H(f) is chosen 
to be the frequency response of a zero phase band-pass filter whose corner frequencies are 
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chosen so that Uj(f) * C, , where Q is a constant in the pass-band. Thus, for microseismic 
attributes extraction it is safe to assume that 



In other words, the signal phase time series that is used for estimating data attributes is 
expected to be approximately proportional to the derivative of the filter impulse response 
function with respect to time. Recognition of this property eliminates the need for arbitrarily 
choosing a separate data window for each phase component at each station. Instead, a phase 
arrival time at each station and the length of the data window are specified. The data window 
length is interactively determined by computing and plotting the derivative of the impulse 
response function of the band-pass filter identified in step 304. 

Figure 4 depicts an illustrative sample display screen 402 output by attribute extraction 
block 232 for determining the length of the window. The derivative 404 of the impulse response 
of a sample zero-phase 2-pole Butterworth filter with nominal corner frequencies of 50 and 250 
hertz is shown. Reference numeral 406 indicates the interactively selected length of the data 
window, which is received as input from the user. The user enters the length of the window, for 
example, in milliseconds or number of samples. In the illustrated example, the window has a 
length of about 20 msec. 

Referring back to Figure 3, attribute extraction program 232 then filters and transforms 
the tri-axial seismogram data (step 308). In this step, attribute extraction program 232 applies 
the band-pass filter to the tri-axial seismogram data recorded at each sensor in the observation 
well array. The difference between the hi axis bearing at each sensor and the source bearing is 
then calculated by attribute extraction program 232 and used to rotate the horizontal axes to 
orientations parallel and perpendicular to the horizontal component of the P wave particle motion 
vector. These are referred to as the R and T seismograms. The direction from the source to the 
observation well array is chosen as the positive direction of the R axis. The positive direction of 
the T axis is 90-degrees counter-clockwise from the positive R axis. The R and T seismograms, 
as well as the corresponding vertical seismogram (Z), are then saved in three separate event 
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specific datamatrices. T he procedures outlined above in step 308 arethen repeated until all 
seismograms recorded at all sensors for the selected event have been filtered, rotated and saved 
in an appropriate data matrix. The matrices are saved to the memory, however, they may 
alternatively be saved to another location, such as the secondary storage device. 

After filtering and transforming the tri-axial seismogram data in step 308, attribute 
extraction program 232 calculates ZR and ZT moving window zero lag correlation matrices and 
Z, R, and T moving window root-mean-square (RMS) matrices (step 3 10). The ZR and ZT 
moving window zero lag correlation matrices are computed by attribute extraction block 232 to 
aid in signal phase identification, timing and data attributes editing, as well as to contribute to an 
estimation of the Sv/Sh sign profile. The relationship described below is used to calculate the 
moving window zero lag correlation matrices 

Suppose that X(m,n) and Y(m,n) are (MxN) data matrices. If C xy (k,n) is the moving 
window zero lag correlation coefficient relating X and Y, then: 



15 C xy {k,n) = ^ J^X{m,n)Y{m,n) 



W 

: 

2 



where W is the moving window length. 

The Z, R, and T moving window RMS traces are calculated to support supplemental 
background noise studies and data attributes editing functions. If S x (k,n) is the moving window 
RMS trace of X(m,n), then 



10 



ATTORNEY DOCKET NO. 70025250-0003 




k 




.M-W 



where 





Then, attribute extraction block 232 plots the moving window correlation profiles, the T 
seismogram profiles, and the user selects the S arrival times (step 312). The sequence of 
operations that comprise this step is graphically depicted in Figures 5A-5C. As shown in Figures 
5A-5C, attribute extraction block 232 plots the columns of the ZT, ZR and T data matrices in an 
overlying profiles format to aid the user in identifying the relative S arrival times for the selected 
microseismic event. Attribute extraction block 232 scales the columns of the ZR and ZT 
matrices to their maximum values and plots the data as a function of time, in an overlying profile 
format, as shown in Figure 5A. 

The similarly scaled T seismogram profile is then superimposed by the attribute 
extraction block 232 on the correlation profiles, as shown in Figure 5B. The user is prompted to 
pick the S arrival times. Attribute extraction block 232 then calculates the corresponding data 
windows profile and superimposes it on the existing profiles, as shown in Figure 5C. Since the S 
arrival times were already chosen to calculate the event location, the previously chosen times 
could be used by attribute extraction block 232 without any user interaction. Arrival times are 
those of the direct wave. In some situations, indirect waves, commonly called head waves, may 
arrive before the direct wave. 

After completing step 312, attribute extraction block 232 plots the moving window 
correlation profiles, R and Z seismogram profiles in a separate display and receives selected 
noise window and P times choices from the user (step 314) or, as with the S wave arrival times, 
from a separate software program. The sequence of operations that comprise this step is 
graphically depicted in Figures 6A-6B. First, attribute extraction block 232 plots the columns of 
the ZT, ZR, R and Z data matrices in an overlying profiles format to aid the user in the choice of 
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a noise data window and the identification of the relative P arrival times for the selected 
microseismic event. The columns of the R matrix are scaled to their maximum values and 
plotted as a vertical profile and as a function of time. The ZR profile is superimposed on the R 
profile. Attribute extraction block 232 permits the user to select the start and end times of the 
noise window, as shown in Figure 6A. This function can be automated so as not to require user 
input. In the illustrative example, the user selects a start time near the beginning of the record 
and an end time slightly before the P start time. 

Attribute extraction block 232 then enables the plot function. The Z and ZT profiles and 
the S data window profile are superimposed on the previously plotted data. The user is then 
prompted to pick the P relative arrival times. Attribute extraction block 232 then calculates the P 
data window profile and superimposes it on the existing profiles, as shown in Figure 6B. 

Attribute extraction block 232 then computes the P, Sv, Sh, ZR, and ZT amplitude 
profiles (step 316). In this step, first, attribute extraction block 232 calculates the P, Sv, and Sh 
RMS amplitudes in the noise data windows defined in step 314. The noise windows are tapered 
to minimize edge effects by multiplying them with a Harming window. The total P and Sv RMS 
amplitudes are calculated by computing the square root of the sum of the squares of the Z and R 
RMS amplitudes in the P and S data windows. The amplitude measurements are then converted 
to decibels and stored in the memory. The ZR amplitudes are then summed in the P windows 
and the ZR and ZT amplitudes are summed in the S windows to provide the basis for relative 
sign detection. 

Then, attribute extraction block 232 computes mean RMS noise profiles and ZR and ZT 
noise thresholds (step 318). The mean RMS noise profiles are calculated within the noise 
window limited columns of the Z, R, and T matrices computed in step 310. The results of the 
calculations are converted to decibels and stored in the memory. 

The ZR and ZT noise threshold profiles are then calculated by the attribute extraction 
block 232 for a user selected probability level for each point in the profiles. 

After calculating the ZR and ZT noise profiles in step 318, attribute extraction block 232 
calculates Sv/P, Sv/Sh, Sh/P amplitude ratio profiles (step 320). The amplitude ratio profiles are 
calculated in decibels. 
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Then, attribute extraction block 232 determines the relative signs of the ZR profile in the 
P window and the ZR and ZT profiles in the S window (step 322). If the profile trace exceeds its 
respective noise threshold in a user selected fraction of its data window, its relative sign is 
considered to be the sign of the summed trace in the data window. A value of +1 is assigned to 
the component if the relative sign is positive. A value of - 1 is assigned if the relative sign is 
negative. If the trace section in the data window does not meet the user selected constraint, the 
component is assigned a value of 0. 

At this stage in the program steps, the data attribute profiles have been created and could 
be used by the inversion block 234 for further processing. Attribute extraction block 232, 
however, initially allows the user to review and edit the data attribute profiles (step 324). In this 
step, attribute extraction block 232 displays a first graph that compares the RMS noise and signal 
amplitude profiles and a second graph that displays the data attribute profiles. Illustrative 
examples of the first graph and the second graph are shown in Figures 7 and 8, respectively. 

After completing these plots, attribute extraction block 232 receives user input to edit the 
data attribute profiles. Via the MATLAB® program command screen, the user can delete the 
data attributes characterizing certain points in the profile. Alternatively, the user can enter input 
indicating that no station is to be dropped. 

After the data attribute profiles are edited in step 324, attribute extraction block 232 
displays a summary of the data attributes for the user and saves the results to a folder on the 
secondary storage device (step 326). Also, the summary matrix, the data window length (sample 
points), the sample rate, the band pass filter corner frequencies, and the drop stations edit vector 
are saved in an attributes extraction file 254. 

Upon completion of processing by the attribute extraction block 232, program 230 
initiates execution of inverter block 234, which performs a constrained non-linear inversion of 
the data a ttributes p rovided b y a ttribute extraction b lock 2 32 1 o yield e stimates o f the failure 
mode, failure plane orientation and scalar moment of a selected microseismic event. Figure 9 
depicts a flow diagram illustrating the exemplary steps performed by inverter block 234. First, 
inverter program 234 receives data input from the user for further processing (step 902). The 
data input includes an event name of the event to be analyzed, an event file number, and the 
event data attributes file (which was computed and saved by attribute extraction block 232), an 
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event take-off angle folder 2 56, and a take-off angle mode option. T he event take-off angle 
folder contains a velocity model, the source location, and the sensor depths. If the take-off angle 
folder has been created, the take-off angle mode option is inputted as a value of zero. While if 
the take-off angle folder has not been created, the take-off angle mode option is set to a value of 



1. 



Further, the data inputs include a solution grid folder 258, an upper residual range limit, 
an upper dilatancy ratio range limit, a project data folder 260, and a solution means values folder 
262. The solution grid folder contains the angle of the normal to the seismically determined 
hydraulic fracture bearing as measured counter-clockwise from the positive east axis of a 
CartesianZNE coordinate sy stem. T he number of calculation points, <m>, is also specified, 
with the default value of <m> being 23. It returns a matrix of m 2 unit vectors, all possible inner 
products of the unit vector and the hydraulic fracture bearing normal. 

The default lower residual range limit is 0. The user specifies the upper limit, with the 
default value being 0.3. 

The project data folder contains the tri-axial sensor depths, the hi axis orientations, and 
the microseismic source locations. 

The solution mean values folder contains the mean values of the solutions previously 
generated by inverter program 234. 

After the input data is received by inverter block 234 in step 902, inverter block 234 
computes theoretical data attributes and amplitude ratios and residuals (step 904). In this 
processing step, inverter block 234 first calculates the take-off vector matrices These matrices 
contain the three Cartesian components of three mutually orthogonal base vectors, which are 
identified as r, p, and q for each station. The r(j,:) row vector contains the ENZ components of 
the unit vector tangent to the ray path from the estimated source location to the j th station in the 
edited observation point array, with the point of tangency being the ray path source point. The 
p(j,0 row vector lies in the plane formed by the edited observation point array and the source 
location, and is orthogonal to the r(j,:) row vector. The q(j,0 row vector is orthogonal to the 
plane containing the r(j,0 and pG.O row vectors. Further, the directional senses of r, p, and q are 
chosen so they form the base vectors of a right-handed coordinate system with r positive in the 
direction of the bearing from the source to the observation point. 
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After calculating the take-off vector matrices, inverter block 234 calculates P, Sv and Sh 
amplitude profiles and residuals. To do this, inverter block 234 uses a far field, point source 
approximation to calculate the theoretical P, Sv and Sh amplitude profiles. If n is the matrix of 
unit vectors loaded as the solution grid, and 1 is an identical matrix, then n is identified by 

5 inverter block 234 as the matrix of unit normal components of possible failure planes, while 1 is 
identified as the matrix containing the slip vector components. All possible combinations of the 
row vectors of n and 1 are used, together with the r, p, and q matrices described above, to 
calculate normalized P, Sv, and Sh profiles. The relevant equations used for these calculations 
are shown below. 

10 If Up is the normalized P displacement, then 

",=p-[(* 2 -*°')+2(«-X'-)] 

Similarly, if u Sv is the normalized Sv displacement, then 

15 

u Sv =k[{ n optlo r ) + {nor\lop)] 

and if u Sh is the normalized Sh displacement, then 

20 u Sh = k[(n o q\l o r)+ (» ° r\l ° q)] 

where k is the P/S velocity ratio in the formation containing the source, and the operator (..° ..) 
indicates the inner product of two vectors. 

The absolute values of the theoretical amplitude ratio profiles are computed from these 
25 equations and expressed in decibel units. The corresponding Sv/Sh sign profiles are calculated 
by taking the signs of the u Sv /u Sh ratios. 
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The mean differences between the observed and predicted profiles are calculated for 
every possible solution and the average of the amplitude ratio mean values is used to characterize 
the residual for a particular solution. 

The calculations performed in step 904 result in a universe containing m 4 possible 
solutions. In step 906, inverter block 234 applies three sequentially applied constraints to search 
for the "most likely" solution(s). By applying the dilatancy constraint, this restricts the search to 
a subset of weakly dilatant shear failures. Application of the residual constraint to this subset 
finds those solutions whose amplitude ratio profiles closely approximate the experimentally 
determined amplitude ratio profiles. Application of the Sv/Sh sign profile constraint eliminates 
so-called "image" solutions from the remainder of possible solutions. "Image" solutions appear 
in the solution population because the polarity of the Sv/P and Sh/P amplitude ratios is difficult 
to determine in practice. It is therefore ignored in the calculation of the experimental and 
theoretical amplitude ratio profiles. The polarity of the Sv/Sh ratio is easier to determine and is 
therefore used to remedy this situation. 

The resultant "constrained" subset contains an even number of possible solutions. This 
phenomenon occurs because the calculations of theoretical P, Sv and Sh amplitudes, using the 
equations found in step 904, are unchanged by the exchange in the positions of n and 1. 
Consequently, duplicate solutions appear in the "constrained" subset. The duplicate solutions are 
found by calculating the vector product of the unit vector pairs characterizing each solution; then 
calculating the inner products of all possible solution vector products to find inversely aligned 
pairs. The final "constrained" solution subset is then created by the retention of one element 
from each inversely aligned pair and its identification with a particular pair of solution vectors. 

After finding the solutions in step 906, inverter block 236 resolves the order ambiguity 
problem and calculates scalar moments (step 908). The "order ambiguity" problem is 
graphically depicted in Figure 10. Inverter block 234 returns unordered pairs of vectors, that at 
this stage in the processing, are identified for example as [vl,v2]. At this point in the source 
mechanics estimation process, there are four possible configurations of the unordered pair of 
vectors returned by inverter block 234 that are equally likely solutions. The two possible 
solutions in the first column of Figure 10 reflect that n and 1 can be exchanged in the theoretical 
expressions for P and S without changing the respective magnitudes or polarities of these signal 
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components. This is the "systemic order ambiguity" and is inherent to all seismic source 
mechanism estimation methods. The other two solutions reflect that only the readily estimated 
Sv/Sh ratio polarities are used to constrain the solution search. In step 908, inverter block 234 
rearranges the unordered pairs, [vl,v2], into the ordered pairs [n,l]. The following assumptions 
are made to meet this objective: 

- the microseismic failure can, to a first order, be considered two-dimensional; 

- the seismically determined hydraulic fracture azimuth is approximately parallel to either 
the maximum or the intermediate principal stress azimuth; and 

- the vertical principal stress is not the minimum principal stress. 

A method for the partial resolution of the order ambiguity problem is implied by these 
assumptions. The two-dimensional assumption implies that the failure planes of the 
microseismic events will be optimally aligned with respect to the local stress regime induced by 
the hydraulic fracturing treatment. The remaining two assumptions specify the expected 
alignment of the principal stress axes. A remaining issue is to identify the failure mode, since it 
will determine the relative magnitudes of the effective principal stresses. Inverter block 234 
implements the steps described below to identify the failure mode. 

Suppose that fa and <J> j2 are the bearing angles for the [vl,v2] vector pair returned for by 
the inversion code for the j th solution in the "constrained" population and <J> S is bearing angle of 
the normal to the seismically determined hydraulic fracture azimuth, then 

Mjk=4>jk-<t>s k = l,2 

where Mo is a reference difference. The reference difference is currently set at 44°. A simple 
test that takes the form: 

\A<f> jk \ <A<t> 0 k = 1,2 

is then implemented. 

There are three possible outcomes for this test: 
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1. One unit vector satisfies the constraint. This outcome implies a strike-slip failure 
mode and the seismically determined hydraulic fracture azimuth is approximately parallel to the 
maximum principal stress direction. The vector that satisfies this condition is chosen to be the 
unit normal to the microseismic failure plane. The order ambiguity is resolved in this particular 
case. 

2. Both unit vectors satisfy the constraint. This outcome implies a normal fault 
failure mode and the seismically determined hydraulic fracture azimuth is approximately parallel 
to the intermediate principal stress direction. In this case, one additional constraint is required to 
resolve the order ambiguity. The additional constraint may be stated as follows: 

If vji and v j2 are the two unit vectors returned by inverter block 234 for solution j and Gji and Q j2 
are their respective dip angles and nj and lj are the unit normal and slip vectors for solution j then: 

[nj,lj\= [>jp>Vj g \ 

if 

45° < 0 jp < 90° 
and 

e jq >90° 

Otherwise, if 

0° < 0 jp < 45° 
and 

e Jq >90° 

[nj,lj]=[-Vj v ,-v Jp } 

3. Neither unit vector satisfies the constraint. This outcome implies the solution 
fails to satisfy the assumptions listed above. In this case, the failure mechanism and the stress 
regime cannot be identified on the basis of the microseismic data alone. Additional independent 
constraints are required by inverter block 234 to resolve the order ambiguity. 
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After resolving the order ambiguity problem, inverter block 234 calculates scalar 
moments in step 908. While estimates of the scalar moment of seismic events are traditionally 
derived from measurements of signal displacements in the frequency domain, methods and 
systems consistent with the present invention use a time domain estimator, which is more 
suitable for the microseismic data processing strategy. Given that the displacement spectrum of 
the P wave, D p (f), approaches a constant value, C p , in some frequency range, 0<f<f p , it is 
readily shown with the aid of Parsevals Theorem that if (u p ) is the variance of the band-pass 
filtered P waveform in some data window of length, L, then: 

where f s is the sampling frequency and lc and he are the corner frequencies of the band-pass filter 
whose frequency response is H (f), and 



4npv 3 p R 



M Q - Seismic moment 
/ = P Radiation pattern 

p = Density of the formation containing the source 

v p = P wave velocity in the formation containing the source 

R = Distance from source to observation point 

Since D p {f)->1 for f< f p and lc < f p and \H{ff « 1; lc < f < he it follows that 
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Then if P^s is the RMS P particle velocity that is calculated by attribute extraction block 232, 



This latter expression is used by inverter block 234 to calculate scalar moment profiles. 
Mean scalar moments are calculated for all solutions in the "constrained " solution subset. 

Inverter block 2 34 then summarizes the results of the execution of steps 902-908 and 
saves the results (step 910). The sorted solution vector pairs characterizing the "constrained" 
solutions are summarized in matrix file 264. The columns of this matrix are the E, N, and Z 
components of the normal(s) to the failure planes, the E, N, and Z components of the 
corresponding slip vectors and the mean values of the scalar moment p rofiles and the failure 
modes. A value of 0 in the last column indicates an unknown failure mode. A value of 1 
identifies a strike-slip failure mode. And a value of 2 identifies a normal faulting failure mode. 

The corresponding orientation angles and related data are summarized in matrix file 266. 
The columns in this matrix are the bearing and dip angles of the failure plane normal and slip 
vector and are specified in degrees and the dilatancy ratio and amplitude ratio residual 
characterizing the solution. The matrices in matrix file 264 and matrix file 266 are saved on the 
secondary storage device. 

A "quick look" summary is also created by inverter block 234. This summary presents 
the data summarized in two matrices and one vector contained in a solution means file 268. In 
solution means file 268, a mean vector is an (N x 7) matrix, where N is the number of located 
events in the project data set. Data are entered in the V<JV rows assigned to the processed event 




and from the definition of C p given above 
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number, while the remaining rows are filled with zeros. The first column contains the processed 
event file number. The remaining 6 columns contain the E, N, and Z components of the mean 
failure plane normal and mean slip vectors. 

The other of the two matrices in solution means file 268 is a mean angles matrix, which 
has a structure that is identical to the mean vectors matrix. It contains the processed event file 
number, the bearing and dip angles of the mean failure plane normal, the mean slip vector, the 
dispersion angles of the failure plane normals and slip vectors characterizing the "constrained" 
solution set for the processed event. The mean moment vector in the solution means file 268 
contains the mean value of the scalar moment characterizing the processed event. 

Then, inverter block 234 creates a plot data file 270 to store all the variables required to 
visually compare observed and theoretical data attribute profiles characterizing the processed 
event. 

Therefore, methods and systems consistent with the present invention provide a 
determination of the orientation of natural fractures. Data attributes of recorded seismograms are 
extracted, and then these data attributes are inverted to yield reliable estimates of the components 
of the unit vectors that specify the orientations of the seismically perceptible set of natural 
fracture planes, which are activated by a hydraulic fracturing treatment. Further the methods and 
systems consistent with the present invention provide beneficial improvements over conventional 
approaches, in that: data attribute extraction is performed in the time domain; the order 
ambiguity problem is resolved; and microseismic scalar moments are estimated in the time 
domain. 

The foregoing description of an implementation of the invention has been presented for 
purposes of illustration and description. It is not exhaustive and does not limit the invention to 
the precise form disclosed. Modifications and variations are possible in light of the above 
teachings or may be acquired from practicing the invention. For example, the described 
implementation includes software but the present implementation may be implemented as a 
combination of hardware and software or hardware alone. The invention may be implemented 
with both object-oriented and non-object-oriented programming systems. The scope of the 
invention is defined by the claims and their equivalents. 



21 



